Abstract Classic ways to determine MHC restriction involve inhibition with locus-specific antibodies and antigen presentation assays with panels of cell lines matched or mismatched at the various loci of interest. However, these determinations are often complicated by T cell epitope degeneracy and promiscuity. We describe a selection of 46 HLA DR, DQ, and DP specificities that provide worldwide population (phenotypic) coverage of almost 90 % at each locus, and account for over 66 % of all genes at each locus. This panel afforded coverage of at least four HLA class II alleles in over 95 % of the individuals in four study populations of diverse ethnicity from the USA and South Africa. Next, a panel of single HLA class II-transfected cell lines, corresponding to these 46 allelic variants was assembled, consisting of lines previously developed and 15 novel lines generated for the present study. The novel lines were validated by assessing their HLA class II expression by FACS analysis, the in vitro peptide binding activity of HLA molecules purified from the cell lines, and their antigen presenting capacity to T cell lines of known restriction. We also show that these HLA class II-transfected cell lines can be used to rapidly and unambiguously determine HLA restriction of epitopes recognized by an individual donor in a single experiment. This panel of lines will enable high throughput determination of HLA restriction, enabling better characterization of HLA class II-restricted T cell responses and facilitating the development of HLA tetrameric staining reagents.
Introduction
The accurate identification and characterization of class IIrestricted epitope-specific responses is important for a variety of applications. These include the study of mechanisms of host-pathogen interactions and the evaluation of vaccine candidates, but also basic studies related to probing different T helper subsets in terms of their lymphokine secretion patterns and expression of phenotypic markers, such as chemokine receptors and memory/activation markers. As of today, this is accomplished primarily by two techniques, either testing epitopes/peptides by intracellular cytokine staining (ICS) and/or staining with tetrameric reagents.
However, practical hurdles have severely limited the widespread applicability of tetramer staining coupled with ICS analysis. Often, only small amounts of blood are available, thereby precluding, in practical terms, the testing of large pools and/or panels of, for example, overlapping peptides spanning the entire sequence of a pathogen or allergen of interest by the ICS assay. In terms of tetramer assays, relatively few HLA allelic variants have been validated at the level of production and functionality. This, as a result, has forced investigators into a rather incomplete level of characterization at the population level, as only select individuals expressing the specific HLA types for which tetramers are available can be studied. But limits are also imposed at the individual level, as responses restricted by just one of the three to eight different HLA molecules expressed in a given individual can typically be characterized. In the context of both ICS and tetramers, the challenge of complete characterization is increased by the fact that usually only a minority of the epitopes restricted by any given HLA are known for a particular antigenic system. Thus, to enable the widespread use of epitope-specific human T cell responses, the challenge that needs to be met is the precise determination of which HLA locus and allele restrict epitope-specific T cells. This is not a trivial issue, since in the context of HLA class II α/β hetero-dimers, most humans express molecules encoded by four different β-chain loci (DRB1, DRB3/4/5, DQB1, DPB1) , as well as corresponding α-chain loci (DRA1, DQA1, and DPA1). To further complicate the issue, all loci, with the exception of the DR alpha chain, are extremely polymorphic, and more than 1,500 different alleles have been identified to date (Robinson et al. 2011) . As a result, most individuals are heterozygotes and express up to eight different HLA class II molecules.
Classic ways to determine T cell restriction involve inhibition with locus-specific antibodies, followed by antigen presentation assays with panels of cell lines matched or mismatched at the various loci of interest (see, e.g., (Oseroff et al. 2010; Oseroff et al. 2012a, b; Wang 2009; Wilson et al. 2001) . Since epitope binding to HLA class II molecules is absolutely necessary (but not sufficient) for T cell activation, data from in vitro HLA binding assays has also been useful to narrow down the possible restrictions (Arlehamn et al. 2012b) . This is usually accomplished by testing a given epitope for binding to the specific HLA molecules expressed in a specific donor and eliminating from further consideration HLA molecules to which the epitope does not bind.
Restriction determinations are further complicated by the phenomena of T cell epitope degeneracy and promiscuity (Sinigaglia et al. 1988; Panina-Bordignon et al. 1989a, b; Krieger et al. 1991) . In the late 1980s it was shown that multiple HLA class II molecules can bind the same dominant epitope (Roche and Cresswell 1990; Panina-Bordignon et al. 1989b; Busch et al. 1990; O'Sullivan et al. 1991 O'Sullivan et al. , 1990 , and recent data show that the overlap in the peptide binding repertoires between different alleles (both within and even across different loci) is extensive (Greenbaum et al. 2011; Sidney et al. 2010a, b) . Furthermore, it was shown that the same T cell clone could often be activated by a given peptide presented by two different HLA allelic molecules (Krieger et al. 1991; Ho et al. 1990; Panina-Bordignon et al. 1989b; Doherty et al. 1998; Karr et al. 1991) . This overlap and cross-reactivity is often referred to as T cell and HLA class II degeneracy, or promiscuity.
Our recent study in the Timothy grass system did indeed show that promiscuous binding and presentation is extensive (Greenbaum et al. 2011; Oseroff et al. 2010) . Analysis of the data relating to response magnitude revealed that considering just the top 20 antigenic regions could account for about 80 % of the total response against the allergens studied. When the restriction data relating to these epitopic regions were examined, it was revealed that all of these most dominant antigenic regions are promiscuous, in that multiple different HLA class II molecules can bind and present them. This observation provides at least a partial explanation for their dominance, and also suggests that this additional dimension of complexity must be considered in the design of studies utilizing tetrameric reagents. It was further shown that prediction of promiscuous HLA binding capacity could actually be utilized to identify a large fraction of the most dominant epitopes (Oseroff et al. 2010 (Oseroff et al. , 2012a .
The phenomenon of epitope promiscuity poses a challenge to restriction determination because in the preponderance of cases, it does not allow clear and decisive assignment of putative restriction on the basis of binding data. Furthermore, in many cases, promiscuity yields inconclusive data when Epstein-Barr virus (EBV)-transformed homozygote cell lines are used in antigen presentation assays. For example, the influenza HA 307-319 epitope was known to be recognized equally well by T cells from a specific donor when presented by either DRB1*07:01 or DRB1*04:01. However, mapping restriction using EBV lines would have resulted in it being erroneously assigned to DRB4*01:01 since, because of linkage disequilibrium, this molecule is usually co-expressed with both DRB1*07:01 and DRB1*04:01, and would thus be the only molecule shared between EBV lines also expressing DRB1*07:01 or DRB1*04:01 (Krieger et al. 1991) .
Almost 20 years ago, Robert Karr and co-workers Klohe et al. 1988; Lair et al. 1988) pioneered the use of L cell lines transfected with a single HLA class II molecule as a way to overcome the problems alluded to above, and that are inherent in the use of EBV cell lines as APCs. In the present study, we have expanded the initial panel of cell lines produced by Karr and co-workers by selecting an additional panel of HLA class II molecules. The genes selected for transfection were of interest to afford high population coverage at the various HLA class II loci. In each case where single HLA class II molecules transfected cells were not available, we generated and validated new cell lines. We further show how this panel of transfected cell lines can be used to quickly and unambiguously determine HLA restriction.
Methods

HLA typing and human subjects
The HLA typing data utilized for this study was generated in the course of independent studies analyzing T cell responses to common allergens (Oseroff et al. 2012a, b) and Mycobacterium tubercolosis (Arlehamn et al. 2012b; Scriba et al., unpublished) . Genomic DNA isolated from peripheral blood mononuclear cells (PBMC) of the study subjects by standard techniques (QIAmp; Qiagen, Valencia, CA) was used for HLA typing. High-resolution Luminex-based typing for HLA Class II was utilized according to the manufacturer's instructions (Sequence-Specific Oligonucleotides typing; One Lambda, Canoga Park, CA). Where indicated, PCR-based methods were used to provide high-resolution subtyping (Sequence-Specific Primer typing; One Lambda, Canoga Park, CA).
All studies using human PBMCs were performed following approved protocols from the relevant research ethics committees, and informed consent was obtained from all individual blood donors. These studies, and the research ethics committee which approved the study, included four studies in San Diego, CA (University of California and La Jolla Institute for Allergy and Immunology (LIAI)), one study each in Denver, CO (University of Colorado and LIAI), Baltimore, MD (Johns Hopkins University), and Cape Town, South Africa (Boland-Overberg region of the Western Cape Province of South Africa and the research ethics committee of the University of Cape Town). HLA typing was performed on all samples.
Population coverage
Haplotype and phenotype frequencies of individual alleles in the general population represent averages across several major populations are based on data available at dbMHC and allelefrequencies.net (Middleton et al. 2003; Meyer et al. 2007) , and considers prevalence in Europe, North Africa, northeast Asia, the South Pacific (Australia and Oceania), Hispanic North and South America, American Indian, Southeast Asia, southwest Asia, and sub-Saharan Africa. DP, DRB1 and DRB3/4/5 frequencies consider only the beta chain frequency, given that the DRA chain is largely monomorphic and that differences in DPA are not thought to significantly influence peptide binding. Frequency data are not available for DRB3/4/5 alleles. However, because of linkage with DRB1 alleles, coverage for these specificities may be assumed as follows: DRB3 with DR3, DR11, DR12, DR13, and DR14; DRB4 with DR4, DR7, and DR9; DRB5 with DR15 and DR16. Specific allele frequencies at each B3/B4/B5 locus is based on published associations with the various DRB1 alleles listed above and assumes only limited allelic variation at the indicated locus (Greenbaum et al. 2011) .
Generation of transfected cell lines
The RM3 cell line was utilized for HLA transfections. RM3 is derived from the human B lymphocyte cell line Raji (DRA1*01:01, DRB1*03:01, DRB1*10:01, DRB3*02, DQA1*01:01, DQA1*05:01, DQB1*02:01, DQB1*05:01, DPB1*01:01) following mutagenesis with ethane methylsulfonate and selection for class II negative cells (Calman and Peterlin 1988) . Transfection of RM3 cells to produce cell lines expressing a single mean fluorescence intensity (MHC) specificity has been utilized in previous studies (see, e.g., Dzuris et al. 2001; Giraldo-Vela et al. 2008) .
RM3 and control cell lines were cultured in RPMI 1640 medium supplemented with 2 mM glutamine, 1 % (v/v) nonessential amino acids, 1 % (v/v) sodium pyruvate, penicillin (50 U/mL), streptomycin (50 μg/mL) (all from Life Technologies) and 10 % heat-inactivated fetal bovine serum (Gemini BioProducts) (R10).
Where available, ORF clones containing the alpha and beta chains used to generate HLA class II transfectants were obtained from the members of the ORFeome Collaboration (PlasmID, Dana-Farber/Harvard Cancer Center DNA Resource Core, Boston, MA and GeneCopoeia, Rockville, MD). Alternately, synthetic genes based on the coding region sequence information available in the IMGT/HLA Database (http://www.ebi.ac.uk/imgt/hla/) (Robinson et al. 2003 (Robinson et al. , 2011 (Robinson et al. , 2000 were constructed (GenScript, Piscataway, NJ). The complete gene sequence was amplified by PCR using sequence-specific primers. The PCR product was cloned into the pENTR/D-TOPO vector, and re-inserted into pcDNA-DEST40 vector (beta chains) or pcDNA 6.2/V5 DEST vector (alpha chains) using the Gateway system (Life Technologies). Chemically competent Escherichia coli (OneShot Top10; Life Technologies) were transformed with the plasmid, plated on ampicillin plates, and single colonies were selected and the plasmid was isolated (Qiagen). Sequence integrity was confirmed by sequence determination (Retrogen, San Diego, CA).
RM3 cells (1×10 7 cells) were electroporated with 15 μg of plasmid DNA using Amaxa Cell Line Nucleofector Kit C (Lonza) according to the manufacturer's instructions. After 24 h, transfected cells were selected in R10 medium supplemented with a final concentration of 700 μg/mL G418 and 12 μg/mL blasticidin (Life Technologies). After 48 h, transient expression was evaluated by flow cytometry using anti-DR, -DP, and -DQ antibodies (LB3.1, B7/21, and SPVL3, respectively). Stable transfectants were expanded, and high HLA class II expressing cell populations were selected by cell sorting using the antibodies described previously.
Peptide, MHC purification, and HLA binding assays Peptides utilized in this study were purchased from Mimotopes (Clayton, Victoria, Australia) and/or A and A (San Diego, CA) as crude material on a small (1 mg) scale. Peptides utilized as radiolabeled ligands were synthesized on larger scale and purified (>95 %) by reversed phase HPLC, as previously described (Southwood et al. 1998) .
Purification of MHC class II molecules by affinity chromatography has been described in detail elsewhere . Briefly, EBV transformed homozygous cell lines, or single MHC allele-transfected fibroblast, L, or RM3 (B) cell lines, were used as sources of MHC molecules. HLA molecules were purified from cell pellet lysates by repeated passage over Protein A Sepharose beads conjugated with locus-specific monoclonal Abs. Protein purity, concentration, and the effectiveness of depletion steps were monitored by SDS-PAGE and BCA assay.
Assays to quantitatively measure peptide binding to purified class II MHC molecules are based on the inhibition of binding of a high-affinity radiolabeled peptide to purified MHC molecules, and were performed essentially as detailed elsewhere (Sidney et al. , 2010a Greenbaum et al. 2011) . Briefly, 0.1-1 nM of radiolabeled peptide was co-incubated at room temperature or 37°C with purified MHC in the presence of a cocktail of protease inhibitors. Following a 2 to 4-day incubation, MHC bound radioactivity was determined by capturing MHC/peptide complexes on monoclonal Ab-coated Lumitrac 600 plates (Greiner Bioone, Frickenhausen, Germany), and measuring bound counts per minute using the TopCount (Packard Instrument Co., Meriden, CT) microscintillation counter. In the case of competitive assays, the concentration of peptide yielding 50 % inhibition of the binding of the radiolabeled peptide was calculated. (Cheng and Prusoff 1973; Gulukota et al. 1997) . Each competitor peptide was tested at six different concentrations covering a 100,000-fold dose range in three or more independent experiments. As a positive control, the unlabeled version of the radiolabeled probe was also tested in each experiment.
In vitro expansion of epitope-specific T cells
Epitope-specific short-term T cell lines were obtained from thawed PBMCs cultured in RPMI 1640 (V Scientific, Tarzana, CA) supplemented with 5 % human serum (Cellgro, Herndon, VA) at a density of 2×10 6 cells/ml in 24-well plates (BD Biosciences, San Jose, CA) and stimulated with 10 μg/mL of the respective individual epitope. Cells were cultured at 37°C in 5 % CO 2 and additional interleukin (IL)-2 (10 U/mL; eBioscience, San Diego, CA) was added every 3 days after initial antigenic stimulation. On day 11, cells were harvested and screened for reactivity in antigen presentation assays.
ELISPOT antigen presentation assays
Short-term T cell lines were incubated with antigen presenting cell lines (APCs) expressing various HLA molecules that had been pulsed with an appropriate peptide epitope, and the production of IL-5 or interferon (IFN)-γ was determined in ELISPOT assays. Flatbottom 96-well nitrocellulose plates (Millipore, Bedford, MA) were prepared according to the manufacturer's instructions and coated with 10 μg/mL antihuman IL-5 (Clone TRFK5; Mabtech, Cincinnati, OH) or anti-human IFN-γ (Clone 1-D1K; Mabtech). T cells were then incubated at a density of 1×10 4 /well at a ratio of 1:1 with the various peptide-pulsed APCs. Peptide-pulsed autologous PBMCs were utilized as a positive control and the untransfected RM3 cell line was used as negative control. After 24 h, cells were removed, and plates were incubated with either 2 μg/mL biotinylated anti-human IL-5 Ab (Mabtech) or biotinylated anti-human IFN-γ Ab (Mabtech) at 37°C. After 2 h, spots corresponding to the biotinylated Ab (IL-5 or IFN-γ) were developed with 3-amino-9-ethylcarvazole solution (Sigma-Aldrich, St. Louis, MO). Spots were counted by computer-assisted image analysis (Zeiss, KS-ELISPOT Reader, Munich, Germany). Each assay was performed in triplicate. The level of statistical significance was determined with a Student's t test using the mean of triplicate values of the response against relevant peptides versus the response against APC not pulsed with any peptide. Criteria for a positive response to a peptide were ≥20 SFC/10 6 input PBMC, p≤0.05 in the t test, and a stimulation index (SI) ≥ 2.
Results
Selection of a target set of HLA molecules
The basic premise of this study is to generate approaches and reagents to allow definition of epitopes restricted by a broad array of different HLA class II molecules, without any assumption with respect to which particular HLA class II locus (DR, DP, or DQ) might be most relevant as a restriction element. Accordingly, we previously defined a panel of 27 different HLA DR, DQ, and DP specificities (Greenbaum et al. 2011 ) that essentially covers 100 % of individuals in the general population at the phenotypic level with at least one allele, and encompasses 46 % to 77 % of all genes, depending on the locus (see Table 1 , alleles in bold font). For each of the 27 molecules, we have previously developed high-throughput peptide binding assays (Greenbaum et al. 2011; Sidney et al. 2010a, b; Southwood et al. 1998 ) that were subsequently utilized to derive detailed and quantitative peptide binding motifs and predictive algorithms for each molecule (Greenbaum et al. 2011; Sidney et al. 2010b; Solomon et al. 2010; Wang et al. 2008 Wang et al. , 2010 . Here, we further supplemented this panel to include 19 additional alleles expressed at relatively lower frequency but for which single HLA class II transfected cell lines were already available. Together, this panel of 46 HLA DR, DQ, and DP specificities provides population coverage of almost 90 % at each locus (and over 66 % of all genes at each locus) ( Table 1) . While the 19 additional alleles have only a limited impact on total coverage (Online Resource 1), they do provide a resource to study alleles and subtypes that may be of interest in specific donor cohorts.
The select panel allows comprehensive HLA coverage at all loci in diverse populations To verify that the selected alleles provide satisfactory coverage in a real-life context, we analyzed data derived from two San Diego-based clinical study cohorts totaling 190 donors, representing a mix of Caucasian, Hispanic, Black, and Asian ethnicities (see Online Resource 2). As shown in Fig. 1a , the panel of 46 alleles allowed an exact match of four or more alleles (out of eight possible HLA class II expressed per donor) in over 95 % of the two cohorts, and for six or more out of eight in over 60 %.
To verify that the panel would afford coverage in a broader context, to include different geographic locations, we next analyzed data from cohorts of 72 and 30 donors in Denver and Baltimore, respectively. We also analyzed a cohort of 98 donors enrolled in a clinical study in a rural setting outside Cape Town, South Africa. Together, and consistent with our observation with the San Diego based cohort, the panel of alleles selected allowed exact matches for four or more donor expressed alleles for about 95 % of each cohort, and the overall levels of coverage were generally consistent across the different donor cohorts analyzed (Fig. 1b) , despite striking differences in ethnic composition between the cohorts. Thus, from these data we conclude that the HLA alleles selected indeed afford broad coverage of different population groups.
Finally, we assessed whether the allele frequencies in the collective donor cohort are largely reflective of frequencies in the general worldwide population. As shown in Online Resource 3, with only a few exceptions, the collective frequencies observed in the cohorts studied are largely reflective of those in the general population, further validating the relevance of the panel of alleles chosen.
Generation of a panel of single HLA class II-transfected cell lines
As mentioned in the "Introduction," and indicated in Table 1 , a number of single HLA class II-transfected cell lines had already been generated in previous studies Klohe et al. 1988; Lair et al. 1988 ) and made available to the scientific community. Here, to enable a more comprehensive coverage of the general population, we set out to generate cell lines for several molecules for which single HLA transfectants were unavailable. The experimental scheme utilized for this purpose is shown in Fig. 2 . Briefly, ORF clones containing HLA class II alpha or beta chains were obtained from the members of the ORFeome Collaboration (PlasmID, DanaFarber/Harvard Cancer Center DNA Resource Core, Boston, MA and GeneCopoeia, Rockville, MD). Alternately, synthetic genes based on the coding region sequence information available in the IMGT/HLA Database (http://www.ebi.ac.uk/imgt/ hla/) (Robinson et al. 2000 (Robinson et al. , 2011 (Robinson et al. , 2003 were constructed. Using the Gateway system, the alpha and beta chain genes were cloned into pcDNA-DEST40 vector (beta chains; G418 selection) or pcDNA 6.2/V5 DEST vector (alpha chains; blasticidin selection). After transfection into RM3 cells (class II expression negative), cells expressing both chains were selected using both G418 and blasticidin antibiotics and expanded.
The level and specificity of expression of the relevant HLA molecule was addressed by fluorescent-activated cell sorting (FACS) using DR, DP, and DQ specific antibodies.
Representative FACS profiles are shown in Fig. 3 for one cell line each representative of the DR (DRB3*02:02), DQ (DQB1*06:02), and DP (DPB1*04:01) loci. As expected, each cell line is positive for expression of the corresponding transfected locus and negative for the others,
To select for thresholds of expression that would be functionally relevant, we utilized the information derived from the previous panel of transfectants. These cell lines express HLA class II molecules in the 100 to 1,000 Mean Fluorescence Intensity (MFI) range, which is functionally relevant since the lines have been successfully utilized in MHC restriction analyses in the context of HLA-DR, -DQ, and -DP (see, e.g., Jaraquemada et al. 1990; Lechler et al. 1988; Jacobson et al. 1989; Sekaly et al. 1988; Austin et al. 1985; Nakatsuji et al. 1987; Larche 2008) . Accordingly, all of the clones selected for the present panel of cell lines expressed the transfected HLA with an MFI of 200 or Average haplotype and phenotype frequencies for individual alleles are based on data available at dbMHC and were calculated as described in the "Methods" section. Alleles comprising the panel previously characterized in detail for binding specificity, as described in (Greenbaum et al. 2011) , are highlighted by bold font a DQ and DP lines were transfected with corresponding alpha and beta chains, as indicated. All DR lines were transfected with the indicated beta chain and the DRA1*0101 alpha chain. Lines generated specifically for the current study are indicated by BoldItalicized bold font b DAP.3 lines were generated as previously described Klohe et al. 1988; Lair et al. 1988 ). RM3 transfected lines were generated for the present study as described in the "Methods" section greater (range, 200-1,500; average, 850). In conclusion, a panel of 46 different single HLA class II-transfected cell lines, to include both previous lines and the novel ones reported here, is now available (see Table 1 ). Fig. 4 . In each case, the affinities measured using MHC purified from the single transfectants correlated strongly (R 2 , 0.81-0.93) with affinities measured using MHC purified from the EBV lines. These data confirm the peptide binding specificity of the MHC molecules produced by the transfected cell lines.
To validate the single HLA class II molecules-transfected cell lines at the level of antigen presentation, short-term T cell lines of known epitope specificity and HLA restriction were utilized for antigen presentation assays with specific transfected cell lines. Representative results from this type of experiment are shown in Fig. 5 for T cell lines specific for epitopes restricted by DRB1*08:02, DRB3*02:02, and DQB1*06:02. In each case, the response obtained with the antigen presenting cells transfected with the relevant allelic molecule was comparable to that observed with autologous antigen presenting cells while untransfected antigen presenting cell lines, or cell lines transfected with an irrelevant allele, did not yield significant responses, as defined in the "Methods" section. Thus, we conclude that the single HLA class II-transfected cell lines have been validated at the functional level.
The panel of transfected cell lines allows rapid determination of epitope restriction
To exemplify the application of the panel of transfected cell lines to determination of epitope specific MHC restriction, we assayed T cell lines derived from two Timothy grass allergic donors (D00089 and U00164) that were specific for two different Timothy grass-derived epitopes (Phl p uncharacterized protein [M75] 55-70 and Phl p 13 96-110, respectively).
Since the HLA types of these donors were previously determined as described in the "Methods" section, the corresponding single HLA-transfected cell lines were placed in culture and used in antigen presentation assays. More specifically, for donor D00089, the DRB1*03:01-, D R B 1 * 11 : 0 4 -, D R B 3 * 0 1 : 0 1 -, D R B 3 * 0 2 : 0 2 -, DQB1*02:01-, DQB1*03:01-, and DPB1*04:01-transfected cell lines were put in culture and utilized as APCs in these assays. As shown in Fig. 6a DQB1*04:02-, and DPB1*01:01-transfected cell lines, matching the corresponding donor HLA alleles, were placed in culture. In this case, it was found that the Phl p 13 96-110 epitope was promiscuously restricted by DRB3*02:02 and DPB1*01:01 ( Fig. 6b) with strong IFN-γ responses observed when the peptide was presented by cell lines expressing these two MHC specificities. Taken together, these data demonstrate how the HLA restriction of epitopes recognized by a single donor can be clearly and unambiguously determined in a single experiment. The efficacy of this type of analysis underscores the utility of the cell lines that have been established.
Discussion
The present study details the derivation of a panel of single HLA class II-transfected cell lines that, for each of the class II MHC loci, provides coverage for the vast majority of the general population. This panel of cell lines can be used for determining the HLA restriction for most class II restricted T cell epitopes, unequivocally, in a single experiment. By contrast, determination of HLA restriction using a combination of locus-specific monoclonal inhibition assays and panels of HLA mismatched EBV lines would entail the performance of multiple assays, and in many cases would not yield decisive information as to exact allelic restriction patterns. Given the broad repertoire overlap that is a hallmark of HLA class II molecules (Greenbaum et al. 2011 ) and the relative binding promiscuity of HLA class II epitopes (Greenbaum et al. 2011; Oseroff et al. 2010; Sidney et al. 2010a, b) , the ability to clearly and decisively determine restriction represents an important advance.
There is ample evidence that each class II MHC locus encodes fully functional molecules, so that this multi-locus and multi-allelic complexity cannot be ignored . In a recent survey of HLA class II responses to a common allergen, Timothy grass, utilizing an unbiased approach, the restricting locus for T cells responding to 140 epitopes derived from ten major Timothy grass allergenic proteins was found to be DR in 61 % of the cases, DP in 21 %, and DQ in 18 % (Oseroff et al. 2010) . A similar trend was noted in a recent study characterizing epitopes derived from a panel of common allergens (Oseroff et al. 2012b) , where 66 %, 15 %, and 19 % of the mapped responses were DR, DP, and DQ restricted, respectively. And similarly, in a study describing epitopes derived from German cockroach allergens, the rates were 55 %, 15 %, and 30 %, respectively. These data suggest that while most of the responses are DR restricted, DP and DQ also account for a very appreciable fraction of the total response against recognized epitopes. A similar pattern appears to hold in the case of Mycobacterium tuberculosis (Arlehamn et al. 2013) . The panel of cell lines described herein provides a resource not just for the commonly probed DRB1 alleles, but also for the most common DRB3/4/5, DQ, and DP alleles. Accordingly, the availability of lines for non-DRB1 alleles makes determination of restriction by other loci feasible. Given that expression of DQ and DP alleles is typically lower than DR (Alcaide-Loridan et al. 1999; Peretti et al. 2001; Edwards et al. 1986; Hauber et al. 1995; Guardiola and Maffei 1993; Maurer et al. 1987) , determining restriction is more difficult with EBV lines. However, MHC expression in the transfected cell lines is fairly uniform across the different loci, further emphasizing the utility of this panel of transfectants. This is a key feature of our study, because while common DRB3/4/5, DQ and DP alleles are understudied, as the recent data noted above clearly emphasizes, perhaps half of common epitopes are restricted by these loci.
Another important feature of the panel of single MHCtransfected cell lines such as we have assembled here is that it allows mapping restriction of promiscuous epitopes. By contrast, without the availability of a panel with the breadth such as described herein, restriction mapping would require initial determination of the restricting locus (or loci) using monoclonal antibody inhibition assays, followed by experiments using panels of HLA mismatched cell lines as APCs. However, given the generally high degree of cross-reactivity between HLA class II molecules (see, e.g., Greenbaum et al. 2011) , these types of assays, dependent upon decoding often complex panels of mismatched lines, typically lead to ambiguous restriction mapping (see, e.g., Oseroff et al. 2012a, b) .
The panel now available provides coverage of the majority of alleles expressed in most donors. In total, the selection of alleles covers about two thirds of all genes at each of the four class II loci. With only one exception (DPB1*03:01), the panel includes all alleles present with gene frequencies >5 %. Future studies will enable inclusion of additional alleles. However, it should be noted that while additional reagents will be valuable in specific cases, they would provide diminishing return in terms of overall population coverage. For example, in the case of the DQ locus, the eight haplotypes included in the panel cumulatively cover about 66 % of DQ genes. Inclusion of the eight next most common haplotypes would only provide an additional 15 % coverage. Similarly, doubling the panel of DP specificities, which presently covers about 76 % of the genes, would provide only an additional 16 %. Indeed, expanding the panel from the 27 most common alleles to 46, as described here, had only a limited impact on the depth of coverage. Specifically, while the full panel allowed an exact match at four or more alleles (out of eight possible HLA class II expressed per donor) in over 95 % of donors in the two San Diego cohorts studied, it is notable that the subpanel of 27 already allowed a similar match for 88 % (Online Resource 1). Another feature of the panel is that it provides uniform coverage across populations of very different ethnic composition. Specifically, coverage of about 65 % of the genes at each locus, and 95 % of individuals in each population examined, was achieved. This high level of coverage was obtained in a cohort from Cape Town, comprised largely of Cape mixed ancestry, noted as perhaps having the highest level of mixed ancestry in the world (Tishkoff et al. 2009 ), a cohort of largely North American blacks from Baltimore, a largely Caucasian cohort from Denver, and a relatively mixed (Caucasian, Asian, and Hispanic) cohort from San Diego. Based on publically available population frequency data (Meyer et al. 2007; Middleton et al. 2003) , we expect that this high degree of coverage would be maintained in most, if not all, major populations worldwide. Thus, the present panel represents a broadly applicable tool for characterizing epitope responses, and one that would be of particular value for cohorts of diverse ethnic background, such as, for example, the general US population. Further, because of the breadth of coverage afforded, the panel would also be applicable for characterizing donor samples from studies and clinical trials pertaining to disease indications such as HIV, tuberculosis, and malaria, to name three main infectious diseases disproportionally affecting non-Caucasians.
A large amount of data and assay validation is already available for the panel of molecules selected and described herein. HLA binding assays utilizing purified HLA molecules in vitro have been validated for 29 of the 46 alleles, and predictive algorithms are available on the IEDB website (www.IEDB.org (Vita et al. 2010) ) for all of them. Finally, HLA tetramers are available or under development for 32 of the 46 alleles.
Over the last 15 years, an impressive wealth of information has been generated by taking advantage of tetrameric staining reagents (Constantin et al. 2002; Nepom et al. 2002; Kwok 2003; Nepom 2012) . Importantly, tetramers provide a means for accurate enumeration of T cells specific for a given epitope, irrespective of their functional state or phenotype, and also allow sophisticated phenotyping of the responding cells, often without in vitro manipulations. Recent advances in the technology have involved the development of tetramer enrichment protocols, which allow the detection of cells present at very low frequencies, and even studying the repertoire of naïve T cells available for a given epitope specificity (Moon et al. 2007 (Moon et al. , 2009 James et al. 2007 ). In the past few years, several techniques have been developed to allow for multiplex tetrameric staining, making it possible to map antigenic epitopes for multiple class II alleles simultaneously (Newell et al. 2012; Alivisatos et al. 2005; Yang et al. 2006) . Furthermore, the generation of HLA class II tetramers, albeit considerably more challenging than generation of class I tetramers, has become more approachable (Nepom 2012; Kwok 2003 Our laboratory has been designing a systematic approach to address determination of HLA restriction and empower ICS and tetramer staining studies. Our vision is to assemble, or enable assembling, repositories of epitopes for each antigenic system, with well-defined HLA restriction. In practice, considering by way of example a typical epitope identification study, following donor recruitment and collection and processing of blood donations, donor PBMC could be screened using highthroughput ELISPOT assays for responses against candidate epitopes (for recent examples from our laboratory (see Oseroff et al. 2010 Oseroff et al. , 2012a Arlehamn et al. 2012b) . After identification of specific epitopes inducing donor T cell responses, the actual HLA class II allele restricting the response could then be determined in a single follow-up assay utilizing single transfected cell lines as APCs. The end result of this activity would be the availability of repositories of epitopes for each antigenic system, with defined HLA restriction for each of the alleles of interest. For any study probing vaccine performance or hostpathogen interactions, we then envision that donors would be HLA-typed, and the epitopes restricted by the HLA types expressed in the particular donor pooled and used in ICS assays, allowing use of minimal amounts of blood. In the case of tetrameric reagents, all corresponding tetramers could be either pooled or used in multiplex configurations. Either way, the ability to simultaneously characterize epitope-specific reactivity restricted by multiple HLA and multiple epitopes in a given donor is expected to increase, by additive effects, the frequency of detectable antigen specific cells, thus reducing the amount of blood sample required in the studies.
In conclusion, the work summarized here has led to the establishment of a panel of HLA class II single alleletransfected cell lines. The panel provides coverage of the most common class II alleles, and as such provides a valuable tool for characterizing the immune response to disease specific epitopes in the general population.
